Abstract -In the search for explanation of persistent cognitive impairment associated with alcohol dependence, the possible role of liver disease has aroused considerable interest. However, review of the relevant literature provides only ambiguous support for any general relationship between neuropsychological status and laboratory tests of liver function. We tested the general hypothesis, and also two specific hypotheses relating particular liver function parameters (y-glutamyl transferase and serum albumin) to mental ability in a sample of 54 recently detoxified alcohol-dependent people. Despite adequate design power, we failed to obtain evidence for general or specific correlations between mental ability and liver function. We conclude that the accumulated data do not provide direct support for the hypothesis that liver disease plays a part in the genesis of chronic alcohol-related brain impairment in clients without cirrhosis.
INTRODUCTION
A key hypothesis in research on the effects of alcohol dependence is the question of a doseresponse relationship between alcohol intake and cognitive dysfunction, assuming a direct neurotoxic effect of ethanol (lishman, 1990; Parsons, 1994) . However, to date, no consistent evidence has been observed for a relationship between parameters of beverage alcohol intake and the severity of the putative alcoholic encephalopathy in hospitalized alcohol-dependent people (Lishman, 1990; Miller, 1990; Parsons, 1994 ).
An alternative aetiological hypothesis concerns the possible effect of chronic liver disease on brain function. The liver is the primary site of alcohol metabolism and its capacity to eliminate neurotoxic metabolites from the blood can be compromised by the chronic effects of alcohol abuse (Tarter and Edwards, 1986) . Alcohol-induced liver dysfunction may lead to portal systemic encephalopathy which, in its most severe form, can be fatal. It has been hypothesized that a chronic, low-grade, portal-systemic encephalopathy may produce subaoite mental disability (Tarter et al., 1984) . ' Author to whom correspondence should be addressed.
Cirrhosis of the liver is also commonly associated with chronic alcohol abuse (Tarter et al., 1984; Nanji and French, 1986) and cirrhosis is linked, in turn, with low-grade portal-systemic encephalopathy (Tarter et al., 1984; Wilson, 1991) . Alcohol-dependent people with low grade portal-systemic encephalopathy have been shown to perform poorly on tests of non-verbal intelligence, learning and memory, and visuospatial ability (Atkinson and Goligher, 1960; Conn et al., 1977; Gilberstadt et al., 1980) .
Tarter and colleagues have shown that alcoholdependent people with cirrhosis perform similarly to non-alcohol-dependent people with cirrhosis on neuropsychological tests (Tarter et al., 1983) . Others have argued that severity of liver cirrhosis accounts for more of the variance in neuropsychological test scores than does the history of alcohol intake (Rhenstrom et al., 1977) .
However, alcohol-dependent people with cirrhosis have been shown to perform more poorly than alcohol-dependent people without cirrhosis in only a limited number of studies (e.g. Gilberstadt et al., 1980) . These latter authors reported significant correlations between liver function values and neuropsychological performance, principally between serum albumin levels and scores on tests of attention or psychomotor speed. These correlations were large (range: 0.47-0.64), and Gilberstadt and colleagues found that when serum albumin values were partialled, other liver function values did not correlate with mental abilities. However, the relationship between serum albumin levels and liver dysfunction is ambiguous (Weatherall et al., 1987; Wilson, 1991) .
In a widely cited study, reported significant correlations between liver function values and cognitive performance (range: 0.48-0.84). On the basis of these large correlations, Tarter and colleagues argued for a relationship between liver disease and mental state, a relationship which seemed to overshadow the meagre evidence for a direct neurotoxic effect of alcohol. However, the authors of this study reported only 19 significant coefficients from the full matrix, comprising 310 correlations . This number of significant correlations does not differ from the number expected by chance (binomial test, z = 0.78; P = 0.44; Siegel, 1956) . Other studies have failed to find a relationship between liver function and various measures of brain state (Lee et al., 1979; Carlen et al., 1981) .
GGT (y-glutamyl transferase) is one of the most sensitive laboratory indices of alcohol-induced liver disease, so sensitive that it has been proposed as a clinical index of beverage alcohol intake (Irwin et al., 1988) . Irwin et al. (1989) reported significant correlations between GGT levels and scores on tests of attention or psychomotor speed in a sample of 132 hospitalized alcohol-dependent men. The average zero-order correlation between GGT and the cognitive ability scores was 0.25 (Irwin et al., 1989) . When GGT values were partialled, none of the other liver function test values was significantly correlated with the mental ability scores. Irwin et al. (1989) raised the possibility that previous investigations of the effects of liver disease and neuropsychological state have proven equivocal, because GGT values were not available or not consistently assessed. However, laboratory liver function tests lack specificity (Wilson, 1991) and, as in the study of serum albumin (Gilberstadt et al., 1980) , it is unclear why GGT was correlated with mental ability scores when other liver function values were not. More recently, Arria et al. (1991a) sought to highlight the 'important role for liver disease on neuropsychological test performance' by comparing four small groups of subjects. These were alcohol-dependent clients with and without cirrhosis, patients with nonalcoholic cirrhosis, and normal controls. The dependent variables were scores from a set of memory tests. The data were analysed in two-way factorial designs contrasting presence of cirrhosis with history of alcohol dependence. Although Arria et al. (1991a) reported some significant effects in their primary analysis, perusal of their data suggests that, had they used a more conservative multivariate analysis, controlling for the alpha error rate, they may not have observed any significant results.
In another study, Arria et al. (1991b) reported postoperative improvement in neuropsychological state in 13 cirrhotic alcohol-dependent patients following liver transplantation. Postoperative improvement may have been due to a number of factors, including recovery of liver function, recovery from the general debilitation typically associated with any severe disease, or the gradual recovery commonly observed after withdrawal from alcohol or recovery from nutritional deficiency (Victor et al., 1989; Bowden, 1990) .
We thought it important to examine the hypothesis linking liver disease with neuropsychological status in a representative sample which was large enough to replicate the findings of previous positive studies. We were particularly interested to examine the widely cited relationship between mental abilities, serum albumin and GGT (Gilberstadt et al., 1980; Irwin et al., 1989) . The specific and general hypotheses relating liver function measures to neuropsychological status were tested to replicate the linear models employed in previous studies. For every correlation, it was predicted that laboratory markers of poorer liver function would be associated with poorer neuropsychological status.
MATERIALS AND METHODS

Subjects
Subjects were a consecutive series of 54 male patient volunteers. All were inpatients at the former Gresswell Rehabilitation Centre in Rosanna, Victoria, Australia. The mean (±SD) age of this sample was 38.4 ±11.2 years, range 22-65 years. Subjects had, on average, completed 9.9 ±2.1 years' of education. Details of the subjects' alcohol consumption were gathered through a combination of self-report inventory (Selzer, 1971) , and a structured interview designed to elicit information regarding quantity, frequency and variability of alcohol intake, adapted from published techniques (Cahalan et al., 1969) . All subjects fulfilled the DSM-III-R criteria for alcohol dependence (American Psychiatric Association, 1987) . Typical self-report quantity per drinking occasion immediately prior to admission was equivalent to a mean of 317 ± 154.1 g of ethanol, and subjects had been drinking at excessive levels (defined as self-reported problem drinking) for 19.4 ±11.3 years, on average. Before admission, the mean number of days per month on which subjects consumed beverage alcohol was 26.7 ± 6.8.
In order to allow for a representative range of subjects, no specific medical exclusion criteria were employed. However, no subject had a known brain disorder other than the history of alcohol dependence at the time of testing. No subject had a current neuropsychiatric diagnosis of WernickeKorsakoff syndrome, although it is likely that some had suffered previous clinical or subclinical episodes (Reuler et al., 1985; Bowden, 1990) . Subjects had been abstinent for an average 22.7 ± 5.4 days prior to neuropsychological testing. Abstinence while in treatment was monitored by random breath testing on the ward. None of the subjects were receiving psychoactive medication at the time of testing.
Laboratory tests and their evaluation criteria
Laboratory evaluation of liver function was performed independently as part of the admission procedure for each subject. In many cases, liver function tests were repeated again between the time of admission and the time of testing. The liver function values obtained nearest the date of neuropsychological assessment were always used for analysis. The average period of time between the date of the last laboratory test and neuropsychological testing was 8.7 ± 8.9 days. Table 1 lists the laboratory tests that were available and the number of subjects for whom values were obtained. The laboratory reference values for these tests and the mean values obtained by the subjects are also shown in Table 1 , along with the proportion of subjects who scored outside the reference range.
We had liver function data for most subjects, and serum albumin and GGT values for 47 subjects (see Table 1 ). The hypotheses relating liver function measures to neuropsychological status were evaluated initially with Pearson product-moment correlations. Power analysis was used to determine the probability of detecting a correlation between ability scores and serum albumin values at least as large as the minimum correlation of 0.47 reported by Gilberstadt et al. (1980) . With alpha of 0.05, and using a one-tailed test, our study had a power coefficient of 0.95. This was an excellent degree of design power for replicating Gilberstadt and colleagues' result (see Cohen, 1988) .
We also evaluated the power to detect a correlation between ability scores and GGT values at least as large as the average value of 0.25 reported by Irwin et al. (1989) . If we adopted a less stringent alpha of 0.1 (Cohen, 1988) , with a one-tailed test and 47 subjects, we had design power of 0.71. If, instead, we sought to demonstrate a correlation at least as large as a correlation that accounted for 10% of common variance, a more usual criterion of minimal clinical importance (Ferguson, 1981; Soper et al., 1988) , then our design had a power coefficient of 0.81. This value represents an adequate degree of design power (Cohen, 1988) . Therefore, in reporting the relationship between liver function and neuropsychological results, we sought to maximize design power by adopting an alpha of 0.1, even though this may have inflated the Type I error rate (Cohen, 1988) .
Neuropsychological tests
The neuropsychological assessment included a set of tests representative of the range of abilities previously examined in relevant studies, including verbal intelligence, attention and concentration, analogical reasoning or problem solving, and verbal and spatial memory (see Arria et al., 1991a) . The tests included the Vocabulary, Digit Span and Digit Symbol subtests of the WAIS-R (Wechsler, 1981) , the Rey Auditory Verbal Learning Test (Lezak, 1995) , and a shortened version of the Halstead Category Test in booklet form (Boyle, 1975) . We also administered a push-button maze test of spatial memory, scored in terms of cumulative errors over the first ten learning trials (Bowden et al., 1992;  , 1994; Lezak, 1995) , and the Paced Auditory Serial Addition Test (PASAT: Gronwall and Sampson, 1974) . The PASAT was administered in two versions, each comprising a string of 60 random, single digits. The two versions differed only in presentation rate, being 1 digit/2.5 s, and 1 digit/s, respectively. The overall PASAT score was the cumulative eiTor score on the two versions. The seven tests comprising the neuropsychological battery were administered in a random order to each subject, to control for ordering effects among measures.
RESULTS
Raw scores obtained by the subjects on the battery of neuropsychological tests are shown in Table 2 . These scores were correlated with the demographic and drinking history variables, and the results are shown in Table 3 . Age was negatively correlated with scores on the WAIS-R Digit Symbol subtest and the Rey Auditory Verbal Learning Test, and positively correlated with error scores on the Austin Maze. The number of years of education was correlated with six of the seven ability raw scores, all in the direction of better performance with greater education. In our sample, frequency of drinking occasions was negatively correlated with WAIS-R Digit Symbol score (Table 3) . Duration of heavy drinking showed a mixed pattern of correlations with ability scores, indicating improved performance on one test (WAIS-R Digit Span), and poorer performance on other tests (the Rey test and Austin Maze) as a function of a longer drinking history.
In Table 4 , it can be seen that few of the correlations between liver function and neuropsychological test scores were significant, the lax alpha (0.1) notwithstanding. Taking Table 4 as a whole, the observation of nine significant correlations equates with the number that would be (Cohen, 1988) . The average value of the correlation between the ability tests and serum albumin was 0.10, correcting for differences in the direction of scoring. This average correlation accounts for 1% of common variance. Similarly, the average value of the correlation between the seven ability scores and GGT was -0.007, accounting for much less than 1% of common variance. The average value of the correlations between the ability scores and the three liver function test values thought to be the most sensitive indices of liver disease (alkaline phosphate, aspartate aminotransferase and GGT: Wilson, 1991) was similarly small at -0.02, reflecting <1% of common variance. The absolute value of correlations with rand glucose seemed large (Table 4) , although when the correlations were corrected for differences in direction of scoring, the average correlation was found to be only 0.14, accounting for 2% *P < 0.1 (one-tailed tests). Neuropsychological test abbreviations are the same as in Table 3 . The numbers correlated were as follows: n = 47 for AST, Bilirubin, GGT, Protein and S. Albumin; /i = 46 for Alkaline Phosphate; n = 42 for Urea, Creatinine, Phosphate, S. Sodium, S. Potassium and S. Calcium; n = 10 for Rand Glucose.
of common variance. In summary, adopting an effect size approach to the evaluation of the correlations, we found average effects which were much smaller than the typical values thought to reflect minimal effects of clinical importance in biomedical or behavioural research (Wolf and Cornell, 1986; Cohen, 1988) . Finally, although the hypotheses we tested have been developed on the assumption of linear, monotonic relationships (Gilberstadt et al., 1980; Irwin et al., 1989; Arria et al., 1991a) , we conducted post-hoc inspection of scatter plots, and sought to predict the neuropsychological test scores from linear and quadratic expressions of the liver function values. Examined in this way, we failed to observe any evidence of non-linear relationships between cognitive status and the laboratory indices of liver function (for all quadratic terms, all P > 0.05).
DISCUSSION
Our results replicated the many previous observations of no consistent relationship between parameters of drinking history and neuropsychological status in samples of hospitalized alcoholdependent clients. Although frequency of drinking occasions was negatively correlated with WAIS-R Digit Symbol (Table 3) , to our knowledge this correlation has not been reported previously, despite the many studies which have searched for such correlations (see Lishman, 1990; Miller, 1990; Parsons, 1994) . Similarly, the duration of excessive drinking showed an inconsistent pattern of correlation with the neuropsychological tests. In contrast, both age and education were correlated in a consistent and predictable fashion with many of the ability scores. These data reflect the wellknown relationship between demographic variables and ability scores (Wechsler, 1981) . The absence of a correlation between education and scores on the Austin Maze replicates recent findings (see Bowden et al., 1992) .
Our data also suggest that no important relationship was to be observed between liver function test results and neuropsychological performance. Thus, 74% of our sample had at least one liver function test outside the normal range, and 72% had an abnormal result on GGT (Table  1) . Liver function test values in our sample were similar to values reported in some other studies (e.g. Arria et al., 1991a) , but markedly more abnormal than values reported in other studies (Irwin et al., 1989) . Like similar samples of hospitalized and heavily alcohol-dependent subjects seen throughout the world, there was a high prevalence of laboratory signs of liver disease in our subjects. Despite this high prevalence of abnormal liver tests in our sample, there was no evidence of a consistent correlation between liver function test values and neuropsychological test results.
Neither was there any evidence of a significant relationship between ability test scores and specific parameters of liver function, including serum albumin and GGT. The failure to observe an appreciable number of significant correlations was particularly striking in the context of our lax alpha, used to minimize the chance of Type II statistical errors (falsely retaining the null hypothesis : Cohen, 1988) . Given the large number of correlations examined, the real experiment-wise error rate was substantially higher than the nominal alpha value. Since we used a research design with adequate statistical power, we are inclined to conclude that, like the general relationship between ability scores and liver function, the specific hypotheses are not tenable. The same interpretation prevailed when we evaluated the results in terms of effect size. Average correlations were all well below the values thought to reflect minimal effects of clinical importance. Previous authors have assumed that any relationship between liver function and cognitive state is linear and monotonic. We also examined the data for evidence of non-linear relationships which might reflect a critical threshold beyond which liver damage induces neuropsychological impairment. However, we failed to observe any non-linear effects.
Duration of abstinence has varied markedly in previous studies, from approximately 1 week to more than 6 months (e.g. Gilberstadt et al., 1980; Irwin et al, 1989; Arria et al., 1991a) . Nevertheless, review of previously published studies, together with data from our population, suggests that the course of neuropsychological status in recently abstinent clients is quite stable over comparable intervals (see Unkenstein and Bowden, 1991; Bowden et al., 1995) .
Although histological signs of hepatic encephalopathy at post mortem are uncommon in people with a history of alcohol dependence (Harper and Kril, 1993) , there may be a complex interaction between episodes of acute liver disease, evolving liver damage and brain function. For example, there may be a relationship between subacute liver dysfunction and neuropsychological status which dissipates as liver function normalizes, in some patients, with reduction in alcohol intake. Hence our failure to observe a relationship between laboratory markers and neuropsychological function may have been due to the relatively longer interval in our study, on average, between laboratory tests and neuropsychological assessment, compared to some other studies (Gilberstadt et al., 1980; Irwin et al., 1989) , although not all positive studies have provided this information. However, the hypothesis of an evanescent impairment of cognition associated with acute liver dysfunction, which may dissipate rapidly with abstinence, is a different formulation from the hypothesis we sought to address and which attributes to chronic clinical or subclinical liver disease the residual cognitive impairments commonly observed in hospitalised alcohol-dependent patients many weeks or months after cessation of drinking (Gilberstadt et al., 1980; Arria et al., 1991a, b; Parsons, 1994) . In addition, as noted above, review of the relevant studies and available direct evidence suggests that cognitive status in alcohol-dependent people is relatively stable over the immediate postdetoxification interval (Unkenstein and Bowden, 1991; Bowden et al., 1995) .
Much remains to be learned regarding the relationship between laboratory analysis and the state of liver function in individual patients (Wilson, 1991) . Despite the incomplete state of our knowledge, the neuropsychological hypothesis relating chronic liver dysfunction to mental abilities has always been expressed in terms of correlations between liver function test values and the scores derived from neuropsychological batteries (e.g. Tarter et al., 1984; Irwin et al., 1989; Arria et al., 1991a) . The small statistical effects which emerge from our and previous authors' data do not seem to support continued reliance on the liver dysfunction hypothesis, at least in its present form, as an explanation of chronic alcohol-related brain injury.
